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FOREWORD

This work was sponsored under Cross Service Order No, H76789 by the
Aerospace Environment Division, Aero-Astrodynamics Laboratory, Marshall
Space Flight Center, because the National Aeronautics and Space Administra-
tion maintains installations and conducts activities along the Atlantic
and the Gulf of Mexico coastal regions--regions affected by tropical
cyclones,

The size and complexity of many space vehicles make rapid movement
impossible and demandlengthy on-pad checkout procedures, Thus, the
vehicle and much ground support equipment must be maintained in a
storm-vulnerable configuration for perhaps 30 days before launch,

Since this study should also find wide application in a number of
meteorologicaf/organizations, it is being distributed to several offices
in the National Weather Service, the Air Weather Service of USAF, and the
Navy Weather Service,
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Introduction

The bivariate normal distribution has been used previously in the study
of tropical storms and/or hurricanes by Haggard and others (1965),

Haggard and others (1967), and Hope and Neumann (1968, 1969, 1970).

This distribution is discussed in numerous texts and technical papers
relating to statistics. Appendix I provides references to some of the
developmental work and reviews the theoretical basis for the distribu-
tion. Results of tests described in Appendix II indicate that distri-
butions of tropical éyclone movement vectors when selectively stratified

cen be described by the bivariate normal model.

The purpose of this report is to summarize some of the information
contained in observations of tropical cyclones to provide guides for
forecasters and the many private and govermment organizations which are
affected by these storms. The results presented in Appendix IIT are
statistical climatologies of tropical cyclone movements stratified accord-
ing to season (June-July; August; September; October; November-May),
geographical location (five-degree latitude by five-~degree longitude
"squares"), and selected time intervals (12-, 24—, 36—, 48—, T2- and

96-hours ).

Copies of bivariate probability tables and applications by Groenewoud
and others (1967) are being distributed with this report. These, along

with the statistical climatologies indicated above, allow the user to

make probability statements concerning future storm movements for planning



or decision making purposes. Appendix IV provides the Fortran IV -
IBM 360/65 program which easily was adapted for use on the CDC 6600
and RCA Spectra T0/45 computers to provide tropical cyclone strike
probabilities which will appear in a second paper. The procedures
and maxerialApresented here should not replace present forecasting

techniques but should be used as a source of additional information.

Data Source

The statistics presented here are based on data taken from the NOAA,

EDS, National Climatic Center's Card Deck 993 (Tropical Cyclone Deck).
The preparation of this deck was funded by the Commander, Naval Weather
Service Command, Washington, D. C. The data are, for the most part,
taken from the charts of North Atlantic Tropical Cyclones presented by
Cry and others (1959) and Cry (1965). A complete description of this
deck is available in a reference manual gvailable at the National
Climatic Center. The period of record used here is 1899-1969. This
deck contains the latitude and longitude positions (in degrees to tenths)
of storm centers at 00Z and 12Z. All movement vectors were calculated
using the positions at these times. Only storms classified as a "tropi-
cal storm" or "hurricane" (winds > 3L knots) and originating in the
North Atlantic Ocean were treated. These will be referred to as "tropical
cyclones." Movements for the periods when these storms were classified

as "tropical depressions" or were extratropical are not included.

Computation of Statistics

(a) Stratifications

The data were stratified according to time and location of occurrence.



The year was divided into five seasons: June-July; August; September;
October; and November-May. This classification separates periods which
tend to exhibit different characteristiecs in storm movement or in the
geographical location of storm development. Geographical stratification
was achieved by dividing the North Atlantic and adjacent areas into

separate five-degree latitude by five-degree longitude areas or "squares."

Figure 1 shows these squares and illustrates the scheme used to identify
them. The three or four digit number plotted in each square gives the
coordinates of the southwest corner of the square. The last two digits,
when multiplied by five, give the longitude in degrees. The preceding
digits give the latitude in degrees. For example, the four digit number
1010 indicates the area.between 10 and 15 degrees north latitude and L5
and 50 degrees west longitude. That is, 10°N and 50°W locates the south-

west corner of the square.

(b) Coordinate Transformations

The latitude~longitude positions of the storm centers were transformed
into positions in the orthogonal T,J grid system currently used &t the
NOAA, NWS, National Meteorological Center. This grid consists of a
square grid superimposed on a polar stereographic projection of the

Northern Hemisphere. The transformation equations are:

I = Blsin (A")] + 2L

J = Blcos (A")] + 26
where

A' = (A + 100)(7/180)

¢' = (¢)(m/180)
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A = longitude (degrees)
¢ = latitude (degrees)
B = 31.2043 [cos (¢')/(1 + sin (¢'))]

This grid eliminates the curvature effects present in a latitude-

longitude system.

Figure 2 shows the I,J grid overlaid on a polar stereographic msp of
the North Atlantic Ocean and surrounding area. The following table
gives the approximate distance equivalent to one grid length for

various latitudes.

Latitude One Grid Length (Kilometers)
10°N 2h1
20°N 273
30°N 308
LooN 33k

Conversion from grid intervals to kilometers.

(¢) Computations

Movement vectors in terms of (I,J) coordinates were compiled for
elapsed times of 12, 2L, 36, 48, 72 and 96 hours. All the movement
vectors originating in a given Square were translated such that the
initial positions were moved to the center of the square. The bivariate
statistics were computed for the stratifications indicated previously

by utilizing the machine program, Winds Aloft Summary (1963).
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The pertinent statistics, including both polar and component forms of

the means, are listed in Appendix III. These are:

(8)

Resultant direction of storm movement (degrees) - (8)

Magnitude of the resultant storm movement - (Dr)

and (4) Means of the components of storm movement — (AI and AJ)
and (6) Standard deviations along the major and minor axes of
the distribution - (sa and sb). These are called SIGX and SIGY
in the tables and example applications by Groenewoud, Hoaglin,
Vitalis and Crutcher (op. cit.).

The angle of rotation measured counterclockwise from the

T axis - ()

The number of observations - (n)

These parameters were computed from the following expressions:

n n
8 = Arctan I AIi/ by AJi
i=1 i=1
//> n 2 n 2 2
D =/[(zx AL,) + (2 &J,) 1/n
r 1 1
i=1 i=1

n

AT = (3 AJi)/n
i=)

s, = VK



where

S_b = VKZ

S

2 2
1/2 Areten [2r) 1, 18,18,/ (8)17=8,,7)]

=
]

AT =1 - If and AJ = Jf - JO where the subscripts o and f
o

indicate the initial and final positions, respectively.

(Note the reversal of Io and If in the formulation of ATI.

This modification makes the signs of the components agree

with the standard meteorological coordinate system.)

%

2

n n
s = [((z at®)/n-1) - (( £ AT)?*/n(n-1))

(s

is the standard deviation along the I axis)

AT
%

n ) n o ¢
s,y = |(C 2 a7%)/n-1) - (( 2 A3)"/n(n-1))

i=1 i=1 _
(sAJ is the standard deviation along the J axis)

n n n

N (n(ii1 AIiAJi)) - (iil AIi)(iil AJi) /n(n—l)sAISAJ

(rAIAJ is the correlation coefficient of the I and J components)

K1 and K2, the eigenvalues, are the roots of the determinant

s 2 K s, _S
AT AT AT ATAT

i
o

s,..8,.° S 2 _ K
AT AT AIAT AJ

with K1 being the larger.



The determinant expanded is

2 2 2 2 2
(syp” - ®)sy;" = K) - sy7s) 5 mpppy =0
or
2 2 2 2.2 2 2 2
= + - e
K= (s, +sy;7) ¢ /(SAI tosyg )T - sy (Qeryp, g )12
Exgmples

Appendix IIT contains a listing of the bivariate statistics needed to
define the distribution of storm movements. Here, each page contains
the movement statistics for two squares. All seasons and time intervals

are included except for cases with less than five observations.

Figure 3 illustrates how the statistics are used to construct proba-
bility ellipses. Here, Square 2518 (the north central Gulf area) is
considered. The data show the end point of the 2L-hour movements when

all originate at the center of the square. The season is September.

The statistics computed from these data are: - (see page III-27)
n = T3
AT = -.20
AT = -.93
s, = 1.08
s, = .65
p o= 3.5°
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The probability ellipses are constructed through the following steps.
Since the statistics were computed in the I,J coordinate system, this
system must be used in the steps indicated.
(1) Locate the mean of the movements.
(2) Comstruct an I,J coordinate system such that the origin
coincides with the mean.
(3) Rotate this coordinate system counterclockwise from
the I-axis through the angle V.
(4) Select the probability value desired.
(5) Select the appropriate multiplier from Figure L.
(6) Multiply s, and s (the standard deviation along the
major and minor axis) by this multiplier.
(7) Let these distances define the length of the semi-major
and semi-minor axis.

(8) Construct the ellipse described by these distances.

In Figure 3 the .25, .50 and .75 probability ellipses are drawn. The
mean movement vector, along with the size, shape and orientation of

the probability ellipses, gives a clear picture of how the storm move-
ments are distributed. Here the data indicate a large variation in the
direction of movement. The probability ellipses relate the same infor-

mation by the east-west orientation of the major axis.

Additional Publications and Future Work

This is the first of a series of publications dealing with tropical

storm movement statistics and strike probabilities. The proposed

11
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Figure 4 Radii for various probability ellipses. The

major and minor axes are given by Oa(M) and
ob(ND. For example, the multiplier (M) for
a 50 probability ellipse is 1.18. (Adapted
from National Weather Records Center, Winds

Aloft Summary, 1963) .
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titles and sponsoring agencies for these future publications are as
follows:

(1) Atlantic Tropical Cyclone Strike Probabilities (For Selected

Stations and the Month of September) - Aerospace Environment

Division, Aero-Astrodynamics Laboratory, Marshall Space Flight
Center, NASA, Huntsville, Alabama.

(2) Atlantic Tropical Cyclone Strike Probabilities, (Volume I,

2h-Hour Movements; Volume II, 4B-Hour Movements; Volume III,
72-Hour Movements) - Commander, Naval Weather Service Command,
Washington, D. C.

(3) Atlantic Tropical Cyclone Mean Vector Charts - Commander,

Naval Weather Service Command, Washington, D. C.

Future work may be extended to:
(a) Use of Hotelling's "T2" test to delineate areas of similar
or dissimilar storm movement in time and space.
(b) Development of a theoretical model to permit use of prior
conditions.
(¢) Development of classification and discrimination or clustering
techniques to isolate homogeneous time-space groups. This

will be an extension to (a) above.

Summary

The bivariate normal distribution is used as a model to describe the
movements of tropical cyclones for stated periods from specified posi-
tions (see Appendix II). Due to the small number of cases, the distri-

butions are described better by the bivariate t-distribution. As the

13



bivariate normal distribution is approximated by the bivariate "&"
with an increasing number of observations, it is assumed that the
bivariate normal distribution model can be used to compute valid move-

ment statistics and strike probabilities.

The bivariate statistics of tropical cyclone movements are computed
and presented. Sample sizes range from 5 to almost 100. Obviously,
more cohfidence should be placed in those statistiecs which are based
on the larger sample sizes. Strike probabilities may be computed by
the user from tables which accompany this paper as a separate publica-
tion or by means of an electronic computer program included as an

appendix.
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APPENDIX I. THE BIVARIATE NORMAL DISTRIBUTION

Bravais (1846) provides the first extension from the univariate to
bivariate distribution. Maxwell (1859), Bertrand (1888), Pearson
(1900), and Strutt (1919) provide further extensions, and Bartlett

(1934) discusses vector representations in samples. The following

discussion is taken in part from Crutcher (1959).

A vector distribution is said to be normal if the probability density
has a maximum at some point and falls off in all directions as

f(x,y) = exp (-%4Q) (1)
where Q is distributed as x2 with v degrees of freedom for the

v-dimensional distribution. For the 2-dimensional distribution

Q= [1/(1-p 2] [(x-ux>2/oX21-{2pxy<x-uX)(Hy)/oxome-uy)Z/oyﬂ (2)

and is distributed as x2 with 2 degrees of freedom. X2 may be used to

replace Q. The probability that a point lies inside the ellipse for a

specified x2 is then F(x2<x2p) = P. For a given probability P, sz can

be determined. Then ¢y2p or Xp becomes the vector radius to determine

the probability ellipse contour corresponding to probability P.

Eq. 1 then represents a bivariate normal distribution where v is 2, X
and Y are orthogonal components, Ny and uy are the respective means of
the components, cx and cy are the standard deviations of the respective

components, and pXy is the correlation between the components.



If pxy equals 1, the distribution is a degenerate bivariate distribution

which is not encountered in practice. The opposite extreme occurs when

2 2

the variances OX and Gy are equal and pxy equals zero. The expression

(1) reduces to exp (—Rz/cvz) where
- - 2 4 _ 2 2 - 2 = 2
R (X% ux) (Y uy) and EGX 20y o

The distribution is then circular. These two form the limits of the
distribution, that is, the straight line and the circular. Since the

correlation between components is often zero, the circular form frequently

will be encountered.

co 2 N2/ 2 a2 V2. 2 .
Now, if V. equals (X ux) /ox and w& equals (Y uy) /cy , expression (1)

reduces to

f(x,y) = exp {—[1/2(l-oxy2)][WX2—2oXyWXWy+wy2]} (3)
and 1if pr is zero reduces to
£(x,y) = exp {-1/2[w 2 + wy2]} (L)
Letting w2 = wx?— + wy?—, Eq. (4) becomes
f(x,y) = exp (~w2/2) (5)

which is the familiar central Rayleigh (Strutt) distribution (1919) if
only distribution of the magnitudes is considered and the vector mean

is zero.

If the distribution is elliptical, then pXy may be significantly
different from zero. In this case the axes may be rotated through the

angle Y to a new axes glong which the components are not correlated.



The values for the components in the new coordinate system may be
obtained from Equations (6a) and (6b).
X' =X sin ¢ + Y cos ¥ (62)

Y'

Y sin ¢ - X cos ¥ (6b)

while the means may be expressed as

X' =X sin ¢ + Y cos ¢ (6c)

=<l
>l

Y' =Y sin ¢ - X cos ¢ (6a)
Here ¢ (measured counterclockwise from the positive X axis) is given
as

v = (1/2) Arctan [QpWOXOy/(cxz-oyz)]

Standardization of the new variates X' and Y' provides Equation (5) as
Equation (7)

£(x,y) = exp (-(w')2/2) (7)
and is a measure of the standardized resultant of the X' and Y'
components. Thus, the mean of a normal vector distribution coincides
with the point of maximum probability. In standardized form, the

probability is proportional to exp [-(w?/2)].

Expression (1) is completely defined by five parameters: two means

(. and uy), the two variances (oxz

X and oyz), and the correlation

coefficient (pxy)' Moreover, these parameters define the probability

density as a function only of the vector variable.

I-3
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APPENDIX II. DETERMINATION OF MODEL FIT

A. Determination of Fit to the Bivariate Normal Distribution.

This section describes the testing of the validity of the assumption
that tropical cyclone movement distributions are bivariate normal.
Crutcher (1957, 1958) made this assumption in work on extra-tropical
cyclones. Here the assumption was supported by the demonstration that
the component distfibutions in themselves were distributed normally.
Though this is a necessary condition, i.e., that the marginal distri-
butions be distributed normally, it is not a sufficient condition. It
may be inferred from Hald's (1952) suggestion (page 602) that a two-
dimensional x2 test may be made. This was the basis for the assumption
of bivariate normality for wind distributions as used by Crutcher (1959).
The reasonableness of this assumption is evident when the expected

frequencies are compared with observed frequencies.

Though it may be advisable at times to go to the uncorrelated forms for
purposes of this test, the general case in which the correlation is not
zero may be used. This is Q or x? obtained from expression (1) in

Appendix I. It is repeated here.

x* =[1/(1-r 20 [(x-X)?/s 2]-[2r (X-X)(¥-Y)/s 5 J+[(¥-Y)?/s 2] (1)

‘where the sample estimates of the parameters replace the population

parameters.

Now, the use of the normal distribution implies that g relatively large

number of ocbservations was available. This is not always the case in
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tropical cyclone data stratified by season and by five-degree latitude
by five-degree longitude squares. Therefore, the bivariate ¢-distribu-

tion model was investigated also.

B. Determination of Fit to the Bivariate Student Z-Distribution.

The rationale here is that if the tropical cyclone movements are
bivariate ¢ and as the bivariate ¢ asymptotically approaches the bi-
variate normal, the non-rejection of the t-distribution would permit

the assumption of bivariate normality in the computation of storm strike
or target strike probabilities. The multivariate t-distribution also
approaches the multivariate normal distribution asymptotically just as
in the univariate and the bivariate cases. The multivariate form is
indicated for the t-distribution by Krishnaish and others (1969),

Steffens (1968), John (1961), and others. Let X,s X5 Xgseee,X ) e

3’
distributed jointly as a v-variate normal with zero means, common unknown

2

variance 0%, and known correlation matrix § = (pij). Let vs2/02 be a

chi~-square variate with v degrees of freedom distributed independently

t eest

of Xl’ b4 30 v

» X ,...,Xv. Then the Jjoint distribution of tl’ t

2 3 2°?

where ti = xi/s is known to be a central v-variate ¢-distribution, Dunn

and Massey (1965).

Let random varisbles x,y have a bivariate normal distribution with means

2

Uis W, and variances 01 .

2 : 2 2 2 2
9, respectively, then Vs, /01 and vsy /02

both are independent of x,y and have g x2 distribution with v degrees of

2 gre estimates of o 2

freedom where sx2 and s .

and 022, respectively. It

follows that ti = (Xi—ui)/si, where ii replaces My and 1 = 1,2 and each
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has a Student ¢-distribution. The joint density function following

Steffens (1968) is
— ~(v+2)/2
f(tl,tz) = (1/27) |1 + (t12/v) + (t22/v) (2)

Probagbilities associated with this function may be evaluated for v
degrees of freedom and various values of ¢ using the tables developed
by Steffens (op. cit.). Critical values of % also have been tabulated
by degrees of freedom. Values of ¢ for a given probability level are
determined by interpolation using the values of Steffens' Integral I1

and his tabular data. The expression
I, =(1-P)/k (3)

where P = probability level, gives the proper value to use in determining
t when values of Il have been plotted against ¢. For example, using a

probability of .40 and 75 degrees of freedom

I, = (1 - .h0)/bk = .15 (&)

and interpolation in Steffens' tables yields a value for tl = tz = .90kL.

C. Testing of Models for Tropical Cyclone Movement

Figure II-1 shows ten geographic five-degree latitude by five-degree
longitude squares in the southern North Atlantic and Gulf of Mexico areas.
These areas were selected to test the bivariate normal and t-distribution
function models for the 12-hour tropical cyclone movements during September
for the period 1899-1969. The selected geographic areas are shown in

black.
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Figure II—1 Tests of null hypotheses for the bivariate normal and bivariate t-
distribution for l2-hour movements of tropical cyclones during the

month of Septenber.

The geographic areas are shown in black,

number of tropical cyclone movements is shown in the upper left

corner of each square.

The

A single asterisk or double asterisk indi-

cates rejection of the null hypothesis for the bivariate normal and
The rejectioa level of
o = 0.05 involved 4 degrees of freedom as ten eguiprobability inter-

the bivariate t-distribution respectively.

vals were selected as class intervals.

II-4
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A standard model was used for testing all squares, l.e., random variables
AT ,AJ were standardized resulting in means 0 and variances 1. A rotation
of axis was performed to remove correlation. By definition of the ¢
variate, these standardized random variables have a joint distribution

which is the bivarisate ¢-distribution.

A x2 test of goodness of fit was made for each of the bivariate normal
and bivariate t-distributions. For more details the reader is referred
to Crutcher and Falls (1971). The general procedure is the following.
The distribution is set up with ten shells, each shell holding, theoreti-
cally, ten percent of the volume. The shells may be rectangular, square,
elliptical or circular. Availability of polar tables for the normal
distribution and the availability of rectangular tables for the t-distri-
bution permits the use of elliptical cylindrical shells for the first

and square cylindrical shells for the second. The expected frequencies
for each shell then are n/10 and may be expressed as Ei. An actual count
of the end points of the observed vectors falling inside each shell then
is made. This may be expressed as Oi' The difference, (Oi - Ei), is
squared and the square is divided by Ei' This is done for each shell and

the ten quotients are added. This is expressed as

10 )
2 = -
= 3\ - B/ (5)

The quantity X2 is distributed as x2, Pearson (1900). The bivariate
frequency surface is fitted with two means, two variances, one correlation,

and a fixed volume, causing a loss of six degrees of freedom. As there
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are ten shells and six degrees of freedom are lost, X2 is distributed

as x? with four degrees of freedom.

Figure II-2 shows equiprobability ellipses and rectangles of 0.40 and

0.50 for the normal and ¢-distribution, respectively. The September
12-hour cyclone movements are indicated by the dots from the intersection
of the I,J coordinates at the center of the Square 2512. With 30 tropical
cyclone movements and ten shells, three dots are expected in each shell.
There are two in the elliptical shell and two in the rectangular shell
where boundaries are 0.40 and 0.50 probability rectangles. The contribu-
tion of each shell to X? for each distribution is (3-2)2/3 or 0.333.

This is done for all ten elliptical shells or rectangular shells, then

the total X2 is found for each case. This then is compared against the

appropriate decision criteria for o = 0.05 with four degrees of freedom.

The null hypothesis Ho: ¥2 E_XZ(Q %) was tested against the alternate
>

hypothesis Ha: x% > Xz(a 4) where o = 0.05. Here X2( is 9.488. When
3

o,h)

the x? statistic obtained is less than X2( E the null hypothesis that

oL h

b

the bivariate normal distribution shows a reasonable fit to the actual

data distribution is not rejected.

Table II-1 gives the results of the testing of the null hypothesis for
the two distributions. An asterisk denotes rejection of the null hypo-
thesis for the bivariate normal distribution, while a double asterisk
indicates rejection of the null hypothesis for the bivariate t-distribu-
tlon. The bivariate normal distribution model is rejected five times,
while the bivariate t-distribution is rejected twice out of ten. The

asterisks are shown also on Figure II-1.
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SQUARE 2512 J

LN

Figure IT—2 Distribution of tropical cyclone 12-hr movements for September,
years 1899-1969 in the I, J grid system. The .40 and .50 proba-
bility ellipses and rectangles for the bivariate normal and the
bivariate Student t-distribution respectively are shown., The
probability of a tropical cyclone occurring within the bands de-
fined by the ellipses or the rectangles is .10. The number of
movements is 30.
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Both models are rejected in the Square 2018 just north of Yucatsn and

between Yucatan and Cuba. Examination of the data indicates some bi-

modality which is evident when the five-degree square is broken down

into two and one-half degree sguares. Tropical cyclones, if in the

northern part, tend to move north, while those in the southern part

tend to move west.

In Square 2514 the slow moving storm of September 18-21, 1964, con-

tributed greatly

probability band.

due to estimates

several periods.

Table II-1.

to X? due to several movements in the 0.30 to 0.40
Though the following is conjecture, this could be

of movement being equalized by the analyst over

Chi-square (x2?) test for fit of tropical cyclone

12-hour movements during September. Period 1899-1969, a = 0.05,

Sguare

1512
2018
2512
251L
2515
2518
3012
301k
3512

degrees of freedom = L4, eritical value of Xz(u,u) = 9.488.
X2 X2
No. of Bivariate normal Bivariate "t"

Obs. (rejected#®) (rejected*¥)
69 1h.,01 % 5.93

5k 15.60 ¥ 1k.52 %%
30 8.00 9.33

76 6.37 16.89 ¥
5 11.00 % 7.27
76 3.47 8.21
31 7.38 8.68
Th 11.68 ¥ L.92
37 13.43 % 8.1k
36 5.67 6.22

3514



Table II-2 gives the results of testing the same null hypothesis fér
selected samples for time intervals greater than twelve hours. Here
dats from all seasons except November-May are used. The bivariate
normal model is rejected in three of the four cases, while the bivariate
"t" model is rejected only once. In general, these results agree with

those indicated by Table II-1.

Table II-2. Chi-square (x2) test for fit of selected samples
of tropical cyclone movements for time intervals greater than
12 hours. Period 1899-1969, a = 0.05, degrees of freedom = Uk,

critical value of Xz(a by = 9.488.
9

G X2
Time No. of Bivariate Normal Bivariate "¢V
Square  (Hrs) Season Obs. (rejected*) (rejected*¥*)
2518 2l June-July 37 5.43 4.35
3015 36 September 54 15.99 ¥ 8.96
1516 48 October LY 15.09 # 21.91 ¥%
2015 T2 August 39 11.51 % 5.36

TableFII—B provides the approximate probabilities that the computed x2
values given in Tables II-1 and II-2 would be exceeded by chance. Here,
for example, the probability level <.05 indicates less than .05 but
greater than or equal to .02, while <.50 indicates less than .50 but

greater than or equal to .LO.

Inspection of Table II-3 shows that if the null hypothesis is tested at

the .10 level of significance, the number of squares accepted by the



Table II-3. Probability levels indicating the likelihood

that the computed x? values provided in Tables II-1 and

II-2 would be exceeded by chance.

2

Time No. of Bivaﬁiate Prob. Bivaﬁiate Prob.

Square (Hrs) Season Obs. Normal Level " Level
1512 12 September 69 1k.91 <.01 5.93 <.30
2018 12 September 54 15.60 <.01 1h.52  <.01
2512 12 September 30 8.00 <.10 9.33 <.10
251k 12 September 76 6.37 <.20 16.89 <.01
2515 12 September 75 11.00 <.05 T.27  <.20
2518 12 September 76 3.47 <.50 8.21 <.10
3012 12 September 31 7.38 <.20 8.68 <.10
301k 12 September Th 11.68 <.02 h.92  <.30
3512 12 September 37 13.43 <.01 8.14 <.10
351L 12 September 36 5.67 <.30 6.22 <.20
2518 2l June-July 37 5.543 <.30 k.35  <.kho
3015 36 September 5L 15.99 <.01 8.96 <.10
1516 48 October Lh 15.09 <.01 21.91 <.01
2015 72 August 39 11.51 <.02 5.36  <.30
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bivariate normal model would be comparable to the number accepted by

the bivariate "t" model. In general, however, the bivariate t-distribu-
tion provides a better fit to the data. As the bivariate t-distribution
is asymptotic to the bivariate normal distribution, the difference be-
tween the two models can be largely attributed to the limited amount of

data.

In a few squares, topography and/or certain preferred patterns in the
general cirgulation may result in a heterogeneous sample within a five-
degree square. Further stratification could have eliminated the problem
of heterogeneity but would reduce the sample size, hence reduce the

significance of the resulting statistics.

The information presented here is considered to be substantive that the
hypothesis is valid though it is admitted that the x2 test is not a
powerful test. Since the Kolmogorov-Smirnov Test is not applicable to
the multivariate case, other tests are belng devised and will be

published in the paper being prepared by Crutcher and Falls (op. cit.).

The assumption then is made that the tropical cyclone movements may be
described by the bivariate normal distribution. To the extent that
these assumptions may not be quite valid, the tropical cyclone movement
statistics and strike probabilities will be in error. However, these
are expected to be an improved approximation to future storm movements

over those implied by empirical probabilities.
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APPENDIX III. BIVARIATE STATISTICS OF NORTH ATLANTIC

TROPICAL CYCLONE MOVEMENTS (1899-1969), (I,J) COORDINATES

Explanation

The "5 DEG ID" indicates the square location (see Figure 1). All
distances are given in units of one grid length in the I,J grid. The
parameters are identified by the abbreviations in the left column and

are defined in the text (pages 7-9). The signs of the component

movements are as follows:

— 4T

+J

For stratification with less than 5 observations, the statistics were
not computed. For these cases, zeroes are listed for all parameters

except the number of observations.
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APPENDIX IV

Program to integrate the bivariate normal distribution over an offset

circle.

The following program represents a variable increment
numerical integration method as applied to the integral

of an elliptic bivariate normal density over an offset
circle. It was developed and programmed by Dr. S. Kaufman
and C. Groenewoud of Cornell Aeronautical Laboratory, Inc.
It is reproduced here with the permission of the authors.
Persons wishing to use the program should try to reproduce
two test cases before applying it to other situations.

These test cases are:

Test Case I Test Case IT
SIGX = 2 10.0
SIGY = 1.6 2.0

CH = T.0 5.0

CKk = 3.2 7.0

R = 5.64 17.5
P = 0.1188% 0.8k203
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PROGRAM BINOC
DIMENSION VD(15),G(525515)55(4%)
1001 FORMAT (5F10.3) .
1002 FORMAT (2Xs6H SIGX »2X,6H SIGY ,2X»6H H »2X,6H K »2Xs6H R
* »2X26H PROB )
1004 FORMAT (I10,E10,2)
1006 FORMAT (3E10.2)
1007 FORMAT (2Xs5HS(1)=Fbe4s2Xs5HS(2)=Fb64422Xs5HS(3)=Fb6e4s2Xs5HS (4)nF6,
*452X92HP=F6 .4 )
1008 FORMAT(2X»5E15.8)
1009 FORMAT(2X»15HSOMEBODY GOOFED)
2001 FORMAT (2X»2HM=12,4X»2HI=12,2E15.8)
2002 FORMAT (6El5.5)
2003 FORMAT (2Xs2HVV1OF6,2)
2004 FORMAT (2Xs3HIA=12,3X,3HIB=12»3Xs3HF4=E15.8,3Xs5HDELX=E15,8)
2005 FORMAT(2X»3HIA=I2,2Xs3HIB=12,2Xs5HINDX=1252X06HINDX2=]12,2Xs4HINO=]
%2/) .
2006 FORMAT(2X»5HIPOS=12,2Xs5HSIGX=F4.1s2Xs5HSIGYaF44152Xs3HCH=FG4152Xs
¥3HCK=F4,1//)
2007 FORMAT(2X,»//)
2008 FORMAT(1HI1)
DO 4 KKK=1,11
DO 3 III=1,3
3 READ (5,1006) (G(III»JJJdsKKK)»JJJ=103)
4 CONTINUE
CONST=10.%%8
RT2=SQRT(2.0)
CRTPI=0.3989422804
READ (5,1004) IPRINTSERR
READ (5,1004) NCASE
DO 700 ICASE =1,NCASE
READ (5,1001) SIGXsSIGYs»CHsCKsR
WRITE(6,2008)
DO 10 I=1,4
S(1)=0
10 CONTINUE
R2ZR¥R
RR2=R/RT2
IP0OS=1
14 GO TO (15,165155,16),1P0S
15 BOTTOM = (CK+RR2)/SIGY
TOP = (CK+R)/SIGY
GO TO 20
16 BOTTOM= (CK=R)/SIGY
TOP = (CK~RR2)/SIGY
20 SR=SIGX/RR2
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30

21
32

33

34

40
41

42

43

50
51

52

ELL=SIGX/SIGY

INO=1
RADM45=R2~=(4.5%SIGY+CK)%%*2
RADM30=R2=(3.0%SIGCY+CK) k%2
RAD30 =R2=(3.,0%SIGY=-CK)%%2
RAD45 =R2=(4.5%SIGY~CK)*%2
WRITE (6,2006) IPOSsSIGXsSIGYsCHsCK
VOo(l)=(=4,5)

VvO(2)=(-3,0)

va(3)= 3,0

VOl4)= 45

vO({5)= CONST

M=5

V5=(CH=RR2)/SIGX

VA=VYS5

G0 TO 80

V6= (CH+RR2) /SIGX

VA=Vé

GO TO 80

IF(RADM4S) 32,333,533

M=M+2

GO TO 40
IF{BOTTOM.GT-(~4.5)) GO TO 22
IF{TOP.LT.(=4.5)) GO TO 32
S45 = SQRT(RADM45)

V7 =(CH+S45)/81GX

VA = V7

G0 1O 80

VB (CH=545)/51GX

VA=V8

GO TO 80

IF(RADM30) 4l,42,42

M=M+2

G0 TO 50
IF(BOTTOM.GT.(=3.0)) GO TO 41
IF(TOP LT (=3,0)) GO TD 41
S3C=SQRT(RADM3D)
VO=(CH+530)/SI6X

VA=V9

GO TO 80

VIO=(CH~S30)/SIGX

VA=V10

60 7O 80

IF(RAD3Q) 51s52,52

MaM+2

GO TD 60

IF(BOTTOML.CT:3.0) GO TO 81
IF(TOP,LT.3,0) GO TO 51
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53
60
61
62

63

64
80

8l

82

83

84
85
86

87
88

T30=SQRT(RAD30)
V11=(CH+T30)/S1IGX
VA=V11

GO0 17O 80
V12=(CH=T30)/S1IGX
VA=V12

GO TO 80

IF(RAD4S) 61562,62
IF(IPRINT.EQ.1) GO TO 64
GO TO 85
IF(BOTTOM.GT«3.0) GO TO 61
IF(TOP.LT«3,0) 60O TO 61
T45=SQRT(RAD4S5)
V1i3=(CH+T45)/SIGX
VA=V13

GO TO 80
V14=(CH=T45)/51IGX
VA=V1é4

G0 TO 80

WRITE(6,1008) (VO(JJ)sJJ=1s15)
¢D 71O 85

I1=1

MM=M+1

MMM=M+2

vovV=vo(I)
IF(VA.LT.VOV) GO TO 82
IF(I.EQ.MM) GO TO 84
I=1+1

60 TO 81

MI=M=1+1

Do 83 II=1,MI1
MIMM=MMM=11

MIM=MM=TI1]

VOIMIMM) = VO(MIM)
CONTINUE

vo({I)=VA

M=M+]

GD TO (84,84584,84584530,31,534540543550053,60563561)5M

WRITE (651009)

STOP

X=V5

VB=X

GO TO 180

CALL ELIPSE (IPOSs»SIGXs»SIGY,»CHsCKsRsXsW)

CALL AB(XsWsIA»1IB)
A=G(I1AsIB,1)

B=G(IA»IB»2)%*SR +G(IA,IB»3)
Cl= G(IlAs»IB,4)*SR +G(IA,IBs5)
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90

91

92

93

180
1800

C =C1%SR + G(IA,IBs6)
D1=G(IA,IB»7) *SR + G(IA»IB,»B)
D25D1*SR +G(IA»IB»9)

D =D2%SR +G(IA»IB,10)

E= G(IA»IB»11)

Fl= AXELL +B

F2= FL*ELL*C

F3= F2%ELL+D

F4= F3*ELL+E
DELX=((360.0%ERR*SR)/F4)*%0,25
WRITE (6,2004) IA,IBsF4,DELX
X2=X+DELX

VB=X2

GO TO 182

IF(INDX<EQ.INDX2) GD TO 92

INO = 0 ‘

X2 =.VO({INDX)

CALL ELIPSE (IPOS,»SIGXsSIGYsCHsCKsR2X25W2)
X1=(X+X2)/2,0

CALL ELIPSE (IPDS:SIGX:SIGY:CH;CK:R:Xl:Wl)
CALL NOR (WsPHI)

Y=(X*X)/2,0

QA= PHI *EXP(=-Y)

CALL NOR (W1sPHI)
Y=(X1%X1)/2,0
QB=4,0%PHIXEXP(=Y)

CALL NOR (W25PHI)
Y=(X2%X2)/2.0

QC = PHI *EXP(-Y)
Q=((X2=X)/6,0)%(QA+QB+QC)*CRTPI
S(IPDS)Y= S(IPOS)+Q

X=X2

W=W2

IF(X.GE,V6) GO TO 200
IF(INO,EQ.O0) GO TD 93

GO TO 90

INDX=INDX+1

INO =1

XDX=X+,001

CALL ELIPSE (IPOS»SIGXsSIGY,»CH,»CKsRs»XDXsWDW)
CALL AB(XDX,WDW,IA»IB)

GO TO 88

J=1

vov=vo(y)

IF(VB.LT.vOV) GO TO 181
IF(J.EQ.15) GD TO 84

J=d+1

GO TO 1800
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181 INDX=J
GO TO 86
182 J=1
1820 vVOV=VO(J) \
IF(VB.,LT.VDV) GO TD 183
IF(J.EQ.15) GO TO 84
J=J+l
GO TO 1820
183 INDX2=J
GO 10 91
200 60O TO (300s4005500-600),1POS
300 IPOS=IPOS+1
GD TO 14
400 IpPOS=IPOS+1
AAA =SIGX
SIGX=SIGY
SIGY=AAA
BBB =CH
CH = CK
CK = BBB
GO TO 14
500 IP0S = IPOS + 1
GO TO 14
600 z1=(CH+RR2)/SIGX
Z2=(CH=RR2)/SIGX
Z3=(CK+RR2)/SIGY
Z4=(CK=RR2)/SIGY
CALL NDR (Z1sAAl)
CALL NOR (Z2sAA2)
CALL NOR (Z35AA3)
CALL NOR (24sAA4%)
P=(AAl=AA2)%(AA3=AASG)
PROB= S(1)=S(2)+S(3)=S(4)=-P
WRITE(6,2007)
WRITE (6,1007) S(1)sS(2)25(3)2S5(4)sP
WRITE(652007)
WRITE(651002)
WRITE (6,1005) SIGYsSIGXsCKsCHsR»PROB
INTERCHANGES IN ABOVE STATEMENT ARE INTENTIDNAL. SEE 400-500,
700 CONTINUE
sTOP
END

SUBROUTINE ELIPSE (NsSIGXsSIGYsCHsCKsRsXsoW)
RAD2=R¥*2=(X*SIGX~CH)%*Z
RAD=SQRT(RAD2) Sl
GO TO (10,20510,20),N
10 W= (CK+RAD)/SIG¥
¢O 1O 30
20 W= (CK= RAD)/SIGY
30 RETURN
END
V-6



10

11

13

14
15

20

30
40

42
44
45

50
60

SUBRDUTINE AB(QlsQ2s5s15J)
Q3sABS(Ql)

Q4=ABS({Q2)
IF{(Q3.6GT«4.5) GO TO 11
IF{QBBGTQBGO) GO 10 10
I=

GO TO 12

| EY

GO 7O 12

1=3

IFlQ4.6T-4.5) GO TO 14
IF{Q4=GT=3.0) GO TO 13
J=

RETURN

J=2

RETURN

J=3

RETURN

END

SUBROUTINE NOR(XsPHI)
IE{X) 20545,30
Y=ABS(X)

I=0

GO TO 40

i=1

Y=X

IF(Y«GT=10.,0) GO TO 42
Bl=- 0,319381530
B2z(=0,356563782)

B3z 1.78Ll477937
B4=(=1.821255978)

B5= 1,330274429

P = 2316419
T=l.0/(1.0+P%kY)

Alz B5%T + B4

A2z ALRT +
A3= A2%T + B2
A4s A3RT +
A5z A4*T
X2=(Y*Y}/2.0

C = 3989422804

Z = C % EXP(=X2)

GO TO 44

2=0,

IF (1.EQ.1) GD TO 50
PHI=Z%A5

RETURN

PHI=0.5

RETURN

PHI=1.0=Z%A5

RETURN

END
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C

C

\

PERMANENT DATA CARDS

2.2E-01
3.0E-03
1s1E-05
1,9E=00
2.4E=02
1.0E=04
4s0E=01
1.5E=02
1,0E~04
346E=00
4,5E-02
1+8E-04
156E=00
5,6E=02
3.8E-04
62 0E=01
5.4E=02
504E=04
5,8E=00
72E=02
2.9E=04
244E=00
80 7E=-02
102E=03
19E=00
1+8E=01
1.8E-03
848E=01
153E-01
126E-03
1.2E-00
1.4E=01
3,1E=-03

INPUT AND SPECIFICATION CARDS

0

2
2.000
10,000

3.3E=02
4,0E=04
1. 7E=06
lanGOl
2:2E=-03
9.0E=06
3.,6E=01
194E“03
8.5E=06
1:.3E=01
1. 7E=03
6055“06
5.6E=02
2,1E=03
194E-05
2+2E=02
ZQOE‘OB
2,0E=05
Te2E=02
9.0E=04

3,6E=~06

3,0E=02
1,1E=-03
1.5E=05
2:4E=02
2:2E=03
2:2E=05
1.1E=02
labEnOB
2,0E=05
1.2E=00
104E“01
3.,1E=03

1.0E=06

1.600
2.000

4.0E=-04
SGOE’Ob
2,0E~08
1:8E'03
202E“05
9.0E-08
3.6E-04
1.4E~05
9.0E-08
1,8E=03
2035“05
9e0E’08
3.8E-0¢4
1.4E~05
900E”08
1.5E=04
loBE—05
1.3E-07
2@9E“04
3.,6E=-06
2.0E-08
1.2E'04
403E“06
6.,0E=-08
100E”04
9.0E=06
9,0E=08
4¢4E_05
6¢5E'06
8,0E~-08
IOZE-OO
1.4E“Ol
3.,1E-03

7.000
5.000
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